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ABSTRACT
PS15dpn is a luminous rapidly rising Type Ibn supernova (SN) discovered by Pan-STARRS1 (PS1).
Previous study shown that the bolometric light curve (LC) cannot be explained by the 56Ni cascade
decay model. In this paper, we employ some alternative models, i.e., the magnetar model, and the
56Ni plus magnetar model, the ejecta-circumstellar medium (CSM) model (the CSI model), and the
CSI plus 56Ni model, to fit the bolometric LC of PS15dpn. We found that all these models can
reproduce the theoretical LCs matching the data. By analyzing the parameters of these models and
combining with the spectral features, we conclude that the 56Ni plus CSI model involving an eruptive
shell expelled by the SN progenitor are the most promising one in explaining the LC of PS15dpn. In
this scenario, the masses of the ejecta, the CSM, and the 56Ni are 13.01+4.09
−4.88M⊙, 0.79
+0.07
−0.07M⊙, and
0.35+0.08
−0.11M⊙, respectively. These parameters are consistent with the conjecture that the progenitors
of SNe Ibn are massive Wolf-Rayet stars. Furthermore, our results indicate that the progenitor of
PS15dpn might expelled a gas shell ∼ 10–230 days prior to the SN explosion.
Keywords: stars: magnetars – circumstellar matter – supernovae: general – supernovae: individual
(PS15dpn)
1. INTRODUCTION
The interactions of supernova (SN) ejecta and the circumstellar medium (CSM) from the pre-SN outbursts would
prompt narrow and intermediate-width emission lines and enhance the luminosities of SNe. The SNe showing interac-
tion evidence are therefore called “interacting SNe” (Smith 2017). According to the types of the emission lines and the
physical natures, interacting SNe can be divided into at least three classes: type IIn (Schlegel 1990; Filippenko 1997)
SNe emitting Hα emission lines, type Ibn SNe (Pastorello et al. 2016; Hosseinzadeh et al. 2017) with spectra showing
He emission lines, and type Ia-CSM (Silverman et al. 2013) whose spectra also show Hα emission lines.
To date, at least 31 SNe Ibn have been discovered and then confirmed (Hosseinzadeh et al. 2019). The shapes of light
curves (LCs) of SNe Ibn are rather homogeneous. Some SNe Ibn (e.g., SN 2011hw Smith et al. 2012; Pastorello et al.
2015a, OGLE-2012-SN-006 Pastorello et al. 2015b and OGLE-2014-SN-131 Karamehmetoglu et al. 2017) have very
slow-declined LCs and most SNe Ibn have very fast-declined LCs.
While almost all SNe Ibn were discovered in star-forming regions of the host galaxies and their progenitors have
been thought to be very massive Wolf-Rayet stars (Pastorello et al. 2016), a SN Ibn (PS1-12sk) was found on a bright
elliptical galaxy where the star forming is inactive and its progenitor is elusive (Hosseinzadeh et al. 2019).
In this paper, we study a luminous rapidly rising SN PS15dpn discovered by Pan-STARRS1 (PS1) in the area of
the gravitational-wave GW151226 (Abbott et al. 2016) which was produced by a merger of a black hole-black hole
(BH-BH) binary in a luminosity distance (DL) of 440
+190
−180 Mpc. He i5016, 5875, 7065 A˚emission lines had been found
in a post-peak spectrum (Palazzi et al. 2016) and this SN was classified to be type Ibn. The redshift (z) of PS15dpn is
0.1747± 0.0001 (Smartt 2016), corresponding to a luminosity distance of 854 Mpc (Smartt 2016) which is inconsistent
with the estimated luminosity distance of the BH-BH binary producing GW151226.
The possibility that PS15dpn is the electromagnetic counterpart of GW151226 was excluded since BH-BH mergers
cannot produce SNe and the distance of GW151226 is inconsistent with that of PS15dpn. Nevertheless, PS15dpn itself
is an interesting object since: (1) it is a rapidly rising (tpeak−texplosion . 10 days) SN and Smartt (2016) demonstrated
that it cannot be explained by the 56Ni model (Arnett 1982); (2) It is widely believed that the interactions between
the ejecta of interacting SNe (including SNe IIn and Ibn) and their CSM would power their unusual LCs; studying the
2properties of the ejecta and CSM would provide important information, e.g., the masses of the ejecta and the CSM,
the mass-loss rate and mass-loss history of the SN progenitors, and so on (see Smith 2014 for a review and references
therein).
The aim of this paper is exploring the possible energy sources of PS15dpn, the properties of the CSM surrounding
this SN, as well as the mass-loss history of its progenitor. In Section 2, we use five models to fit the bolometric LC
of PS15dpn and derive the best-fitting parameters. Our discussion and conclusions can be found in Sections 3 and 4,
respectively.
2. MODELING THE BOLOMETRIC LC OF PS15DPN
In this Section, we employ several models to fit the bolometric LC of PS15dpn and adopt the Markov Chain Monte
Carlo (MCMC) method to obtain the best-fit parameters. Throughout this paper, the optical opacity κ is fixed to be
0.1 cm2 g−1 (e.g.,Wheeler et al. 2014).
2.1. The 56Ni Model
As mentioned above, Smartt (2016) has shown that the 56Ni model cannot fit the bolometric LC of PS15dpn. Here,
we employ the 56Ni model to model the LC to test the result obtained by Smartt (2016). The parameters of the
56Ni model employed here are the ejecta mass Mej, the initial scale velocity of the ejecta vsc0, the
56Ni mass MNi, the
gamma-ray opacity of 56Ni decay photons κγ,Ni, and the moment of explosion texpl.
The theoretical 56Ni-powered LC is shown in Figure 1 and the corresponding parameters are listed in Table 1. It can
be found that the theoretical LC can match the observations. However, the 56Ni mass (1.03+0.04
−0.04M⊙) is larger than
the ejecta mass (0.57+0.09
−0.05M⊙), indicating that the
56Ni model is disfavored and alternative models must be employed.
2.2. The Magnetar Model and the Magnetar Plus 56Ni Model
Then we use the magnetar model developed by Inserra et al. (2013), Wang et al. (2015a), and Wang et al. (2016)
as well as the magnetar plus 56Ni model (Wang et al. 2015b, 2016) to fit the LC. The parameters of these two models
are listed in Table 1 and the Bp and P0 are the magnetic strength and initial rotational period of the magnetar,
respectively. The theoretical LCs reproduced by these two models are also shown in Figure 1 and their parameters
are also listed in Table 1.
It is shown that the LC can be powered by a magnetar with Bp = 14.54
+0.72
−1.07 × 10
14G and P0 = 13.04
+0.60
−0.55ms
without 56Ni contribution or a magnetar with Bp = 25.97
+2.57
−3.14× 10
14G and P0 = 16.84
+6.12
−2.49ms aided by 0.18
+0.08
−0.05M⊙
of 56Ni. Nomoto et al. (2013) shown that an energetic SN explosion can synthesize . 0.2M⊙ of
56Ni, so the inferred
56Ni mass is well consistent with this upper limit. 1
2.3. The CSI Model and the CSI Plus 56Ni Model
It can be expected that the SN ejecta with dense He-rich CSM (winds or shells) surrounding the progenitors
would provide at least a fraction of energy to power the LCs of SNe Ibn. Therefore, scenarios taking the ejecta-
CSM interaction into account might be promising models to account for the LC of PS15dpn. Therefore, we
use the ejecta-circumstellar medium (CSM) model (the CSI model) (Chevalier 1982; Chevalier & Fransson 1994;
Chugai & Danziger 1994; Chatzopoulos et al. 2012; Ginzburg & Balberg 2012; Liu et al. 2018) and the CSI plus 56Ni
model (Chatzopoulos et al. 2012) to fit the bolometric LC of PS15dpn.
The ejecta can be divided into two parts, the inner parts that can be described by ρej ∝ r
−δ and the outer part
that can be described by ρej ∝ r
−n. We assume that the density profile of CSM can be descried by a power-law
ρCSM ∝ r
−s, s = 2 corresponding to winds and s = 0 corresponding to CSM shells.
Letting δ = 1 and n = 10, the parameters of the CSI model we adopt are the energy of the SN (ESN), the ejecta mass
(Mej), the CSM mass (MCSM), the density of the innermost part of the CSM (ρCSM,in), the radius of the innermost part
of the CSM (RCSM,in), the efficiency of conversion from the kinetic energy to radiation (ǫ), the dimensionless position
parameter (x0),
2 and the explosion date with respect to the date of the peak (texpl). Two additional parameters (MNi
and κγ,Ni) are added to constitute the CSI plus
56Ni model.
1 However, systematic study (e.g., Lyman et al. 2016) for SNe Ibc shown that the LCs of a fraction of SNe Ibc that are not very luminous
must be powered by 0.2−0.6M⊙ of 56Ni (see, e.g., Table 5 of Lyman et al. 2016). The large inferred 56Ni masses indicate that core-collapse
SNe can synthesize more than 0.2M⊙ of 56Ni or some ordinary-luminosity SNe Ibc might be powered by hybrid energy sources (for instance,
56Ni plus magnetars). Both these two possibilities cannot be excluded. In other words, the upper limit of the 56Ni yield of core-collapse
SNe can be larger than 0.2M⊙.
2 Letting x = r(t)/R(t), the regions x < x0 and x > x0 are the inner part (ρej ∝ r
−δ) and outer part (ρej ∝ r
−n), respectively.
3The LCs reproduced by the CSI model and the CSI plus 56Ni model can be found in Fig. 2 and the best-fit
parameters can be found in Table 2. The LCs powered by the forward shocks, reverse shocks, as well as 56Ni decay
are also plotted using different lines.
In the shell (s = 0) CSI model, Mej = 17.22
+1.71
−2.75M⊙, MCSM = 4.50
+0.98
−1.17 M⊙. In the wind (s = 2) CSI model,
Mej = 16.35
+2.23
−2.66M⊙, MCSM = 0.99
+0.16
−0.13M⊙. According to the equation M˙ = 4πvwq (q = ρCSM,inR
2
CSM,in) and
assuming that the velocity of the wind (vw) is 100–1000km s
−1, we can obtain the mass-loss rate of the wind (M˙):
1.116–11.16M⊙ yr
−1.
In the shell (s = 0) CSI plus 56Ni model, the values of the ejecta mass, the CSM shell mass, and the 56Ni mass are
13.01+4.09
−4.88M⊙, 0.79
+0.07
−0.07M⊙, and 0.35
+0.08
−0.11M⊙, respectively. In the wind (s = 2) CSI plus
56Ni model, the values of
these parameters are Mej = 14.21
+3.35
−4.68M⊙, MCSM = 0.83
+0.18
−0.10M⊙. In additional, the mass of
56Ni is 0.15+0.18
−0.07M⊙.
The corresponding mass-loss rate is 0.784–7.84 M⊙ yr
−1.
The ejecta masses in these four models are reasonable if the progenitor was a very massive Wolf-Rayet star whose
masses are believed to be about 25M⊙ if their metalicity (Z) is equal to that of solar (Z⊙) (Crowther 2007).
3 The
range of 56Ni mass is consistent with the rough upper limit (. 0.2M⊙) that can be synthesized by the explosion of a
massive star.
3. DISCUSSION
3.1. Which Is the Most Reasonable Model?
In Section 2, we demonstrate that the magnetar model, the magnetar plus 56Ni model, the CSI model, as well as
the 56Ni plus CSI model can explain the bolometric LC of PS15dpn. It should be pointed out here that he magnetar
model and the magnetar plus 56Ni model are not the best models explaining the data because these two models neglect
CSI while the He i emission lines indicate that CSI cannot be omitted.
The CSI model overcame the disadvantages mentioned above by considering the energy from CSI and the inferred
ejecta mass is 16.35+2.23
−2.66M⊙ or 17.22
+1.71
−2.75 M⊙ which is favored by the massive Wolf-Rayet progenitor scenario.
However, this model neglect the contribution from 56Ni. The CSI plus 56Ni model took both CSI and 56Ni into
account. This hybrid model gave rather reasonable parameters: Mej = 14.21
+3.35
−4.68M⊙, MCSM = 0.83
+0.18
−0.10M⊙, MNi =
0.15+0.18
−0.07M⊙.
In principle, the magnetar plus CSI model or the magnetar plus CSI plus 56Ni model should be considered. However,
the CSI model and the CSI plus 56Ni model can yield good fit and the models involving CSI do not need an additional
magnetar.
In summary, the CSI plus 56Ni model is the best model to explain the LC of PS15dpn.
3.2. The Properties of the CSM and the Possible Pre-SN Outburst
Adopting the wind CSM model or wind CSM plus 56Ni model and assuming that the wind speed is ∼ 100–1000 km
s−1, the inferred mass-loss rates are ∼ 1 − 10 M⊙ yr
−1 , at least 105 times that the upper limit of line-driving stellar
wind (∼ 10−5 M⊙ yr
−1, Wellons et al. 2012).
If the progenitor of PS15dpn is a Wolf-Rayet star, the wind speed must be ∼ 1000 km s−1, then the mass-loss rate
of the progenitor just prior to the explosion is ∼ 10 M⊙ yr
−1, significantly larger than the mass-loss rate of iPTF13z
(∼ 0.1− 2 M⊙ yr
−1, Nyholm et al. 2017).
In the shell CSM model and shell CSM plus 56Ni model, the mass of the shell expelled from the progenitor of
PS15dpn before the SN explosion is ∼ 1 M⊙. We can estimate the date of the eruption expelling the shell: the radius
of the innermost part of the CSM (RCSM,in) is ∼ 1 − 2 × 10
14 cm (see Table 2) and the speed of the shell can be
supposed to be 100–1000 km s−1 (107–108 cm s−1), then the time before the SN explosion is ∼ 106–2× 107 s ∼ 10–230
days.
4. CONCLUSIONS
PS15dpn is a luminous rapidly rising SN Ibn discovered by Pan-STARRS1 (PS1). Smartt (2016) demonstrated that
PS15dpn cannot be explained by 56Ni model. In this paper, we investigate the possible energy sources that can power
the bolometric LC of PS15dpn.
We found that the 56Ni model is disfavored since the inferred 56Ni mass is larger than the ejecta mass, supporting
the conclusion of Smartt (2016). Alternatively, we used the magnetar model and the magnetar plus 56Ni model and
3 The mass-loss rate dominated by line-driven winds is proportional to Z0.69 (Vink et al. 2001) and the mass-loss rate can be higher
and the eventual mass of the SN progenitor can therefore be lower if Z > Z⊙. Moreover, the mass transfer in binary system would yield a
wider range of the masses of the aged massive stars.
4found that a magnetar with Bp = 14.54
+0.72
−1.07 × 10
14G and P0 = 13.04
+0.60
−0.55 ms can reproduce a LC fitting the data
without 56Ni contribution. By taking the 56Ni into account, the values of Bp and P0 are 25.97
+2.57
−3.14 × 10
14G and
16.84+6.12
−2.49ms, respectively; the mass of
56Ni is 0.18+0.08
−0.05M⊙.
The caveat of the magnetar model and the magnetar plus 56Ni model is that they omit the contribution from the
interaction between the ejecta and the pre-existing CSM whild the confirmed He i emission lines indicative of the
interaction between the ejecta and the dense He-rich CSI provide evidence that the ejecta-CSM interaction would
provide a fraction of energy to power the LCs of SNe Ibn (including PS15dpn).
Therefore, we employed the CSI model and the CSI plus 56Ni model to fit the LC of PS15dpn. We found that both
these two models did a good job of fitting the data and the inferred values of ejecta mass are about 13–17M⊙ which
is consistent with the scenario that the progenitors of SNe Ibn are very massive Wolf-Rayet stars surrounded by the
dense He-rich CSM erupted from the progenitors. The CSM mass required by these two models is ∼ 1M⊙.
The models containing 56Ni contribution is more reasonable since PS15dpn with a peak bolometric luminosity
∼ 4× 1043 erg s−1 is not superluminous SNe Ib like ASASSN-14ms whose peak bolometric luminosity is ∼ 1.7× 1044
erg s−1 (Vallely et al. 2018) and the luminosity provided by a moderate amount of 56Ni cannot be neglected. Hence,
the CSI plus 56Ni model is more favorable. The inferred 56Ni mass of the CSI plus 56Ni model is 0.15+0.18
−0.07M⊙ (CSM
is a wind) or 0.35+0.08
−0.11M⊙ (CSM is a shell), consistent with the rough upper limit of the
56Ni yield that can be
synthesized by core-collapse SNe.
The required mass-loss rate in the wind CSI plus 56Ni model is extremely high (∼ 10 M⊙ yr
−1). The shell CSI plus
56Ni model can avoid this tricky problem if we suppose that the progenitor expelled a gas shell ∼ 10–230 days before
the SN explosion.
To date, the only SN Ibn whose pre-SN outburst had been observed is SN 2006jc (Foley et al. 2007; Pastorello et al.
2007) whose precursor outburst was recorded in 2014. It is worthy to search the possible precursor explosion from the
archival data. But it is not surprising if we got nothing since the optical display associated with the precursor outburst
of PS15dpn was too dim to be detected or no telescopes observed the position of PS15dpn when the light emitted by
the pre-SN outburst arrived the earth.
It can be expected that current future optical sky survey facilities would discover plenty of precursor outbursts
followed by the explosions of SNe Ibn, shedding more light on the nature of SNe Ibn and helping us to investigate the
mass-loss history of SNe Ibn.
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6Table 1. Parameters of the 56Ni model, the magnetar model, and the magnetar plus 56Ni model. The uncertainties are 1σ.
Mej MNi Bp P0 vsc0 κγ,Ni κγ,mag texpl
⋆ χ2/dof
(M⊙) (M⊙) (10
14 G) (ms) (109cm s−1) (cm2 g−1) (cm2 g−1) (days)
56Ni 0.57+0.09
−0.05 1.03
+0.04
−0.04 - - 2.27
+0.17
−0.28 0.07
+0.02
−0.02 - −9.12
+0.19
−0.23 13.23/35
magnetar 1.00+0.44
−0.44 0 14.54
+0.72
−1.07 13.04
+0.60
−0.55 1.75
+0.53
−0.79 - 1.41
+23.13
−1.23 −8.79
+0.17
−0.18 20.84/34
magnetar+56Ni 0.85+0.40
−0.40 0.18
+0.08
−0.05 25.97
+2.57
−3.14 16.84
+6.12
−2.49 2.32
+0.42
−0.57 0.02
+0.01
−0.01 2.19
+89.01
−2.13 −8.30
+0.23
−0.37 13.61/32
⋆ The value of texpl is with respect to the date of the SN peak.
Table 2. Parameters of the CSI model and the CSI plus 56Ni model. The uncertainties are 1σ.
s ESN Mej MCSM MNi ρCSM,in RCSM,in ǫ x0 κγ,Ni texpl
⋆ χ2/dof
(1051 erg) (M⊙) (M⊙) (M⊙) (10
−12g cm−3) (1014cm) (cm2 g−1) (days)
CSI 0 0.64+0.14
−0.08 17.22
+1.71
−2.75 4.50
+0.98
−1.17 0 1.14
+0.37
−0.21 19.47
+4.67
−5.53 0.78
+0.12
−0.18 0.72
+0.16
−0.24 - −7.84
+0.09
−0.10 22.83/32
CSI 2 1.20+0.46
−0.31 16.35
+2.23
−2.66 0.99
+0.16
−0.13 0 8.22
+6.47
−3.16 2.61
+1.13
−0.81 0.63
+0.21
−0.19 0.60
+0.22
−0.21 - −7.73
+0.09
−0.08 13.34/32
CSI+56Ni 0 1.06+0.36
−0.38 13.01
+4.09
−4.88 0.79
+0.07
−0.07 0.35
+0.08
−0.11 19.80
+6.09
−7.77 1.32
+0.47
−0.19 0.35
+0.15
−0.07 0.30
+0.21
−0.13 2.19
+17.31
−2.08 −7.55
+0.08
−0.07 12.61/30
CSI+56Ni 2 1.22+0.46
−0.43 14.21
+3.35
−4.68 0.83
+0.18
−0.10 0.15
+0.18
−0.07 15.57
+7.33
−9.72 1.59
+1.43
−0.35 0.44
+0.22
−0.15 0.39
+0.33
−0.20 0.93
+11.66
−0.87 −7.63
+0.13
−0.12 16.96/30
⋆ The value of texpl is with respect to the date of the SN peak.
7Figure 1. The bolometric LCs reproduced by the 56Ni model (the top left panel), the magnetar model (the top right panel)
and the magnetar + 56Ni model (the bottom panel). Data are taken from Smartt (2016). The abscissa represents time since
the explosion in the rest frame.
8Figure 2. The bolometric LCs reproduced by the CSI model (s = 0, 2; the top panels) and the 56Ni plus CSI model (s = 0,
2; the bottom panels). The LCs powered by the forward shocks, reverse shocks, as well as 56Ni decay are also plotted using
different lines. Data are taken from Smartt (2016). The abscissa represents time since the explosion in the rest frame.
